Abstract The laboratory mouse is an artificial construct with a complex relationship to its natural ancestors. In 2002, the mouse became the first mammalian model organism with a reference genome. Importantly, the mouse genome sequence was assembled from data on a single inbred laboratory strain, C57BL/6. Several large-scale genetic variant discovery efforts have been conducted, resulting in a catalog of tens of millions of SNPs and structural variants. High-density genotyping arrays covering a subset of those variants have been used to produce hundreds of millions of genotypes in laboratory stocks and a small number of wild mice. These landmark resources now enable us to determine relationships among laboratory mice, assign local ancestry at fine scale, resolve important controversies, and identify a new set of challenges-most importantly, the troubling scarcity of genetic data on the very natural populations from which the laboratory mouse was derived. Our aim with this review is to provide the reader with an historical context for the mouse as a model organism and to explain how practical decisions made in the past have influenced both the architecture of the laboratory mouse genome and the design and execution of current large-scale resources. We also provide examples on how the accomplishments of the past decade can be used by researchers to streamline the use of mice in their experiments and correctly interpret results. Finally, we propose future steps that will enable the mouse community to extend its successes in the decade to come.
Introduction
The laboratory mouse is an artificial construct, absent from nature and shaped by human selection and chance. Mice, like all laboratory organisms, are experimental creatures, and as such:
…are a special kind of technology in that they are altered environmentally or physically to do things that humans value but that they might not have done in nature'' (Kohler 1994) .
For more than a century, laboratory mice derived from Mus musculus have been one of the most widely used animal models. The mouse's status as the most popular mammalian model organism owes as much to serendipity as to a favorable combination of small size, short generation time, ease of manipulation, and a wide range of phenotypes with relevance to human physiology, behavior, and pathology. Here we review the breathtaking advances in our understanding of the genome of the laboratory mouse achieved in the past decade, with emphasis on determining how past decisions may have shaped current consensus and may be partly responsible for current controversies (Fig. 1 ). For example, this year marks the tenth anniversary of the public release of the mouse reference genome, which was based largely on the sequence of the C57BL/6 (B6) inbred strain (Waterston et al. 2002) . The decision to sequence a single inbred strain (rather than create a consensus from multiple distinct individuals, as has been done for other species including humans (Li et al. 2009a )) has had longterm and wide-ranging implications. Among them are the efforts to catalog sequence variants present in laboratory mice, to create platforms for high-density genotyping, and to analyze and interpret the next-generation sequencing data now flooding the mouse community. The choice of B6 reflected a growing momentum toward the use of that strain in large-scale biological resources and also influenced the development of future resources. Those resources included genetic reference populations, engineered mutations, knockouts, and stem cell lines. In this review we discuss both the benefits and the drawbacks that have stemmed from those decisions. However, we do not question the ultimate wisdom of those decisions; rather we wish to make researchers aware of the context in which key resources were generated. For example, the majority of effort to identify mouse genetic variation has been focused on classical inbred laboratory strains, which represent only a minor fraction of the total genetic variation in the mouse (Ideraabdullah et al. 2004; Keane et al. 2011; Mural et al. 2002; Salcedo et al. 2007) . As a consequence, attempts to study natural populations using currently available singlenucleotide polymorphism (SNP) marker panels and genotyping arrays must properly account for the biases inherent in such platforms (Boursot and Belkhir 2006; Didion et al. 2012; Harr 2006) .
Another focus of this review is to connect laboratory stocks, which were shaped by artificial selection and breeding programs that are exclusive to the laboratory environment, with natural mouse populations. We subscribe to Theodosius Dobzhansky's motto that ''Nothing in biology makes sense except in the light of evolution'' (Dobzhansky Fig. 1 The mouse in research: types, uses, and controversies 1973); thus, to properly interpret experimental data and to take full advantage of the exceptional research tool that is the laboratory mouse requires a correct understanding of the diverse and complex relationships between and within laboratory strains and their wild relatives.
The natural origin of an unnatural creature
There are approximately 5,400 mammalian species, of which about 560 are Murine rodents (Fig. 2a ) (Wilson and Reeder 2005) . Out of this menagerie, how did the mouse become the most common laboratory mammal and one of the most widely used model organisms in science? The small footprint of the mouse lends itself to living and breeding in close quarters, but neither this nor any other feature of its morphology is particularly remarkable compared to other rodents. In fact, the uniformity of genus Mus has caused great difficulty in interpreting and organizing the fossil record into a consistent and cohesive framework (Boursot et al. 1993 ). This has led to a dichotomy in taxonomic classification, with some treating mice as a single, highly polytypic taxon while others treat each new variant as a separate taxon (Schwarz and Schwarz 1943) . Molecular analysis has mostly eliminated taxonomic redundancy and resolved the phylogeny of genus Mus; however, it has been inconclusive as to the branching order of the four discrete and largely monophyletic subgenera (Fig. 2b ). This is due to the roughly concurrent divergence of the Mus subgenera from each other approximately 5 million years ago (Suzuki et al. 2004) .
The biology of the mouse was important to its ascendancy as a model organism, but factors such as a short generation time (10-12 weeks) and high degree of genetic relatedness and physiological and pathological relevance to humans are common among rodents and other mammals. One aspect of M. musculus that is exceptional is its geographic range ( Supplementary Fig. 1 ). House mice are found on all inhabited continents and islands, and in nearly every type of terrestrial ecosystem (Gabriel et al. 2010) . Even more notable is that this dispersal has occurred over a relatively short evolutionary time scale. Fossil and molecular analyses place the ancestral range of the house mouse in the Himalayan foothills of Northern India and Pakistan (Bonhomme et al. 1994; Boursot et al. 1993 Boursot et al. , 1996 Din et al. 1996) and Central Asia (Prager et al. 1998; Rajabi-Maham et al. 2008 ) (Supplementary Fig. 1 ). M. musculus began to diverge approximately 500,000 years ago (Geraldes et al. 2008; Salcedo et al. 2007; Suzuki et al. 2004 ) into three distinct lineages ( Fig. 2c; Supplementary Fig. 1 ) that we refer to here as subspecies (Boursot et al. 1993; Yonekawa and Takahama 1994) , but which some have argued are species in their own right (Geraldes et al. 2008; Sage et al. 1993) . Once established, the three subspecies expanded their ranges into Asia and the Middle East, but remained largely isolated over much of their history (Duvaux et al. 2011) . Well before its deliberate introduction into the laboratory, the domestication of the mouse began as it formed a commensal relationship with humans approximately 15,000 years ago (Boursot et al. 1993) . The development of long-distance modes of travel within the past *1,000 years has accounted for the bulk of the house mouse's geographic dispersal.
This evolutionary history provides the context for why M. musculus became a favorite model to address broad scientific questions, including (1) genetics of adaptation, due to the rapidity and extent of its dispersal and the readiness with which it has flourished in a diverse array of environments (Gabriel et al. 2010; Hardouin et al. 2010) ; (2) speciation, due to the ongoing divergence of the three subspecies and their secondary contact at several hybrid zones around the world (Mihola et al. 2009 ); and (3) as a means of tracking the historical movements of human populations (Gabriel et al. 2010 (Gabriel et al. , 2011 Jones et al. 2011 Jones et al. , 2012 . In addition, the house mouse is an agricultural pest and a vector for disease, and there is ongoing research focused on combating its economic and public health impact (Brown and Singleton 2002; Meerburg et al. 2009; Stenseth et al. 2003) . Finally, the house mouse is also an invasive species that poses a significant threat to sensitive native flora and fauna. This is especially true for isolated and frequently unique ecosystems such as islands, and there are efforts to combat this problem (http://www.islandconservation.org/).
All of these scientific applications of the house mouse pale in comparison to its laboratory use as a model organism, but its dominance in the laboratory is to some degree the result of happenstance. Although they are morphologically uniform, mice display extensive variation within a few outward traits such as coat color and tail length. Mendel began his studies of inheritance using coat color traits of mice. Unfortunately, the objections of a shortsighted local bishop robbed the mouse of its place of honor in genetics textbooks and forced Mendel to turn to pea plants instead (Paigen 2003a) . Those same traits also made house mice attractive as pets that could be crossed and selected for appearances and behaviors that were deemed favorable by mouse fanciers. As with other pets, selective breeding eventually led to inbreeding (Boyko et al. 2010) . It was from one of those fancy mouse stocks, maintained by breeder Abbie Lathrop, that William Castle and his student Clarence Little developed the first laboratory strains in the early 20th century as a genetically uniform and reproducible model organism for studying the heritability of disease (Fig. 3) (Beck et al. 2000; Festing 1997) . The relationship between scientists and mouse breeders, and the momentum that followed the success of early mouse experiments, accounted in large part for the mouse's dominance in the laboratory today.
Expanding genetic and phenotypic diversity in the laboratory
Following the creation of the first mouse strains, additional stocks were initiated in Europe, China, and Japan as well as America (Beck et al. 2000) . Mice from those colonies were intercrossed and interesting spontaneous mutations were selected and fixed to generate a large catalog of so-called ''classical'' strains (Fig. 4a) . Classical strains are related to standard outbred stocks (Yalcin et al. 2010) , whose genome Fig. 2 The taxonomic position and phylogeny of M. musculus. a Taxonomy of class Mammalia. The name of each taxon is followed by a list of example species and the total number of species in parentheses. All relationships and species counts are from Wilson and Reeder (2005) . Genus Mus is shown in bold. b Phylogeny of genus Mus. Species in bold indicate that laboratory strains have been derived from wild-caught animals, and an example of such an inbred strain is given in parentheses. Approximate species relationships are shown for subgenus Mus based on a meta-analysis of several phylogenetic studies. c The single best maximum-likelihood tree for the phylogeny of M. musculus. We used RAxML (Stamatakis et al. 2005 ) to analyze genotypes for 547,406 SNP markers and 118,733 VINO markers from 36 wild-caught M. musculus samples (10 M. m. domesticus, 16 M. m. musculus. and 10 M. m. castaneus) (Yang et al. 2011 ) and a single sample of the wild-derived M. spretus strain SPRET/EiJ (JPD and FPMV). Colored lines denote subspecific clades. Blue: M. m. domesticus; green: M. m. castaneus; red: M. m. musculus. Geographic origin of samples is given for M. m. domesticus and M. m. musculus; all M. m. castaneus samples are from the state of Uttarakhand, India. There is high support for monophyly in all clades and also a clear division between eastern European and Asian M. m. musculus Fig. 3 The origin of laboratory strains that have been sequenced or genotyped at high-density. Circles:
providers of laboratory strains. The inset bar chart shows the number and types of laboratory strains from each provider. A, The Jackson Laboratory, Bar Harbor, ME, USA; B, is derived in large part from fancy mice brought from Switzerland to the US by Clara Lynch in 1926. The number and diversity of classical inbred strains and outbred stocks expanded dramatically during the second half of the 20th century.
In the past 30 years, new types of mouse resources have been developed to expedite the search for genetic causes of both simple (Mendelian) and complex traits. On one hand, genetic reference panels have been created using updated versions of traditional breeding methods. Those include gene-and chromosome-replacement strains (congenics and consomics, respectively) (Gregorová et al. 2008; Singer et al. 2004; Takahashi et al. 2008) , recombinant inbred panels (Collaborative Cross Consortium 2012; Hrbek et al. 2006; Peirce et al. 2004) , advanced intercross lines, and outbred stocks (Cheverud et al. 2001; Mott et al. 2000; Svenson et al. 2012) . Those panels often prove more powerful for genetic mapping than classical strains or traditional intercrosses because of their greater genetic and phenotypic diversity. For example, lines of the emerging Collaborative Cross (CC) population display a much wider variation in traits, such as gene expression, body weight, wheel running, response to allergens, and infectious diseases, than do the CC founder strains Bottomly et al. 2012; Collaborative Cross Consortium 2012; Kelada et al. 2012; Mathes et al. 2011) . On the other hand, mutagenesis and genetic engineering techniques have enabled the introduction of new variation, up to complete human genes, into the well-characterized genetic background of inbred strains (Austin et al. 2004; Paigen 2003b) . Beginning in the 1980 s, several staff members at The Jackson Laboratory began to introgress many mutations into the B6 background. This effort had a role in the choice of B6 as the index mouse genome.
Additionally, strains derived from wild-caught mice have dramatically expanded the available pool of genetic variation. The term ''wild-derived strain'' is loosely used to refer to any laboratory mouse that is not derived from the same common genetic pool as the classical strains. The depth of the wild-derived strain resources that are available (Fig. 4b) is not widely recognized because of the reliance on just a few popular wild-derived strains in high-profile efforts (discussed later). Wild-derived strains have expanded the phenotypes and behaviors available to researchers and are used as models of disease, speciation, chromosomal evolution, and behavioral genetics (Blanchet et al. 2011; Guénet and Fig. 4 The phylogeny of laboratory strains. Neighbor-joining phylogeny of a 97 classical laboratory strains and b 62 wild-derived strains based on SNP and VINO genotypes (Yang et al. 2011) . Node colors represent bootstrap values. a Black inner circle groupings and labels are based on Fig. 3 of Petkov et al. (2004) . Red outer circle groupings are based on a partitioning of the current tree that creates monophyletic clades as similar as possible to the earlier tree, and labels are assigned based on genealogy (Beck et al. 2000) as follows: Clade D: DBA-related strains, including lines derived from the UC Berkley eight-way cross that have a disproportionate contribution from DBA/2; Clade F: lines derived from European, New Zealand, Japanese, and other non-Lathrop fancy mouse stocks; Clades L1-L4: lines descended primarily from the Lathrop stocks and lines created by C.C. Little and William Castle; Clade R: lines created at the Rockefeller Institute, and also LG/J (which is the primary background of MRL/MpJ but is not closely related to any other strain); Clade S: Swiss mice; Clade X: CE/J and SM/J are the results of multiway crosses and thus not substantially related to any single strain. CE/J also retains a large contribution from a wild-caught mouse. b The outer ring of colors shows the fraction of the genome of each strain that is derived from M. m. domesticus (blue), M. m. musculus (red), and M. m. castaneus (green) Bonhomme 2003) . There are also several wild-derived strains that have been created from other Mus species (Fig. 2b) . M. spretus has been the longest and most widely used non-M. musculus mouse model, in part due to the ability to create fertile interspecific crosses despite *1.5 million years of evolutionary divergence between the two species (Bonhomme and Selander 1978; Orth et al. 2002) . Those crosses were invaluable for the generation of the first complete mouse linkage map (Dietrich et al. 1996) .
Although wild-derived inbred strains are behaviorally more ''wild'' than their classical cousins, researchers should not assume that they are wild in the sense of being ''natural.'' In fact, wild-derived inbred strains have been shaped by many of the same artificial processes as classical strains, such as selection, inbreeding, and intercrossing with both classical and other wild-derived strains.
The mouse genome: all our eggs in one B(6)asket
The post-genome era in the house mouse started with the complete-genome sequencing of a single laboratory mouse strain (Waterston et al. 2002) . After careful consideration, a committee of experts decided that B6 should be used to construct the bacterial artificial chromosome (BAC) library that would serve as the index mouse genome, citing ''confidence of strain derivation, widespread use among the research community and favorable breeding characteristics'' (Battey et al. 1999) . Concurrent with the sequencing of B6, a private company (Celera) sequenced three additional strains (Mural et al. 2002) , although until 2005 that data was kept private and made available on a subscription basis. The main contribution of that project was to assemble the first catalog of sequence variants in the mouse.
It is difficult to overestimate the significance of choosing a single classical inbred strain for the mouse reference genome. First, the use of a single inbred strain precluded the identification of genetic variation because those strains are almost completely homozygous. In contrast, 36 wild mice, genotyped at high density using the mouse diversity array (MDA) (Yang et al. 2009 ), had an average of 8.4 % (±2.9 %) heterozygous SNPs (Yang et al. 2011 ). Second, a laboratory mouse strain is the product of both artificial selection and domestication. Those processes favor certain phenotypes (e.g., docility) that may be rare in nature, and the associated alleles are now incorporated into the reference genome. Third, for all practical purposes, the reference genome assembly is the result of sequencing a single chromosome from a single cell from a single mouse. Therefore, variation that is exclusive to that specific DNA molecule and to B6 in general is now part of the reference sequence. Furthermore, structural variation (insertions, deletions, inversions, duplications) and transposable element variation that is private to B6 or rare in the house mouse is invisible or hard to interpret in sequences from other strains (Nellåker et al. 2012; Yalcin et al. 2011) . For example, deep sequencing of 17 laboratory strains revealed 30 Mb of sequence that was conserved across multiple strains but was absent from the reference sequence .
The selection of a single reference strain has also served to amplify the inertia toward B6 as the default choice in any new scientific endeavor, even when another inbred strain (or wild mice) may be more appropriate. PubMed searches comparing the century preceding the decision to sequence B6 with the 14 years that have followed showed a 3-fold increase in papers containing the term ''C57BL/6'' versus only a 1.3-fold increase in papers containing the terms ''mouse inbred strain'' (after controlling for total number of papers published). B6 is a major (and in many cases exclusive) component in nearly every large project or resource involving the mouse genetics community, including the International Knock-Out Mouse Project (Austin et al. 2004) , the CC (Collaborative Cross Consortium 2012), the Diversity Outcross (Svenson et al. 2012) , and the expansion of the BXD recombinant inbred panel (Peirce et al. 2004) .
We expect that advances in genome assembly methods will largely address the shortcomings associated with the use of a single reference strain. The Genome Reference Consortium (Church et al. 2011) recently released an update to the mouse genome assembly that included 83 Mb of additional sequence (mostly on chromosome Y) and closed 200 gaps (http://www.ncbi.nlm.nih.gov/projects/ genome/assembly/grc/mouse/index.shtml). The availability of complete genome assemblies from multiple genetic backgrounds Wong et al. 2012 ) has enabled the construction of pseudo-genome references to improve read mapping and variant calling for new sequences. A pseudo-genome is created by stitching together parts of existing whole-genome sequences based on their local genotype similarity to the new genome being assembled ). In addition, de novo assembly (i.e., assembly in the absence of a reference) of sequences that are very different from the standard reference (such as those of M. m. musculus and M. m. castaneus origin) may improve coverage of sequence that is absent from the standard reference (Yalcin et al. 2012a) . With the accumulation of whole-genome sequences in inbred strains (and eventually wild mice), it may be beneficial to create a mouse ''pan-genome'' reference (Yalcin et al. 2012a ).
Expanding the catalog of mouse genetic variation
It was immediately recognized that the strategy of sequencing a single inbred strain required complementary efforts to identify genetic variation. A large catalog of variants was developed using three additional inbred strains (Mural et al. 2002) , followed by more extensive projects conducted by Perlegen Sciences, on behalf of the NIEHS (Frazer et al. 2007) , and the Mouse Genomes Project at the Sanger Institute Yalcin et al. 2011 Yalcin et al. , 2012a Wong et al. 2012) . Although the NIEHS and Sanger projects were conducted only a few years apart, advances in sequencing technology enabled a fourfold improvement by the later group upon the initial NIEHS catalog of 8.27M SNPs (Table 1 ). In addition, the Sanger project extended the catalog to include structural and regulatory variation (Nellåker et al. 2012; Shen et al. 2012; Yalcin et al. 2011 Yalcin et al. , 2012b . Those projects were instrumental in the exceptional productivity of the mouse genetics community in recent years, including the construction of improved genetic maps (Brunschwig et al. 2012; Cox et al. 2009 ), the discovery and fine-mapping of causative variants for a number of traits and the development of new mouse reference panels and better use of existing mouse resources (Collaborative Cross Consortium 2012, Box 1).
Due to cost constraints, only a select group of strains could be surveyed in each of the sequencing projects. The strains were chosen using criteria such as popularity, expected genetic dissimilarity (based on pedigree and small-scale genotyping and sequencing), and ''taxonomical'' classification. Additionally, some strains were selected for their relevance to large-scale community efforts or to the study of specific diseases. For example, the Sanger project included four strains that represent the genetic background of embryonic stem (ES) cell lines used in knockout experiments: C57BL/6N (a substrain of B6) and three related 129 strains (Guan et al. 2010) . Of the 15 strains selected by NIEHS and 17 selected by Sanger, 9 were common between the two projects, 17 were classical strains, and 22 were of M. musculus origin (M. spretus was represented in the Sanger project by SPRET/ EiJ). It is important to note that despite the overrepresentation of classical strains in those projects, the vast majority of all SNPs were identified in the handful of wild-derived lines analyzed (Table 1) . For example, of the 53.7M SNPs that were discovered in the Sanger project, only 3M were found to be private to classical strains, and of those, only 0.7M were private to a single inbred strain . It is evident that the return-on-investment of future sequencing efforts (i.e., SNPs discovered per dollar) will be much greater for wild mice and wild-derived strains than for classical strains.
The NIEHS and Sanger projects represent the vast majority of genomic variants that have been discovered in the house mouse. However, the 23 strains surveyed in those projects are only a small subset of all the strains that are actively used in laboratories. To minimize the expense of extending the benefits of whole-genome sequencing to additional strains, the MDA was designed from maximally informative subsets of the SNP catalog (Yang et al. 2009 ). The MDA was used to genotype hundreds of the most commonly used classical and wild-derived strains, as well as wild-caught mice (Didion et al. 2012; Yang et al. 2011) . Among other applications, the MDA genotypes were used to create a high-resolution map of the variation present in classical strains (Yang et al. 2011 ).
Genotype imputation: the thousand-dollar genome today
Although the dense genotype data that are available for most commonly used laboratory strains have enabled considerable improvement in the resolution and accuracy Recently, Wang and colleagues (2012) imputed the *12M SNPs discovered in whole-genome sequences of 12 classical strains in an additional 88 strains with low error rates. Using those imputed genotypes, Wang and colleagues were able to assign the ancestral origin of 15 classical strains in ''gap'' regions (regions where Yang et al. (2011) were not able to assign origin due to low marker density on the MDA). Those gap regions were always located between regions of different subspecific origin. For each gap in each target strain, they first identified the guide strain (the most similar Sanger strain) on either side of the gap. They then extended the proximal boundary of the gap for as long as the target strain was more than twice as similar to the proximal guide strain as it was to the distal guide strain. Finally, they repeated the process for the distal boundary. Overall, they reduced the size of the gap regions by 68. Genotype imputation in humans and other outbred populations with large effective sizes requires a substantial number of sequences to achieve a low error rate (Li et al. 2009b ). An exception to this is related individuals; for example, the genomes from a mother and father can be used to impute variants in their children. The fact that the classical strains are essentially a large family with inbred progeny that can trace their lineage from a small number of ancestors has proved instrumental in the ability to perform genotype imputation. The high degree of population structure in classical strains means that in most regions of the mouse genome, a local phylogenetic tree based on dense genotypes has a small number of branches, and the strains located at each leaf of the tree are essentially identical to each other (excluding private mutations that have arisen in the 100 years since their derivation). In 88 classical strains for which only MDA genotypes were available, Wang et al. (2012a, b) were able to identify an appropriate reference among 12 strains sequenced by the Sanger project across an average of 92 % of the genome. In those regions, they were able to impute 977M new genotypes (11.1M per strain on average) with an error rate of *0.4 %. This was a significant improvement over previous genotype imputation efforts (Kirby et al. 2010; Szatkiewicz et al. 2008 ). In the regions where no appropriate Sanger reference existed for a strain, genotypes could not be imputed. The distribution of those regions was bimodal, with a minority of strains accounting for the majority of missing genotypes. The missing haplotypes in those regions probably originated from the small number of Asian (M. m. molossinus) or Swiss fancy mice that have contributed to the classical strain genome (Nagamine et al. 1992) . Those regions have highlighted gaps in our knowledge of the genome of the laboratory mouse and identified the strains for which whole-genome sequencing would provide the most information (Wang et al. 2012a) .
Unfortunately, the improvements achieved in classical strains have not extended to wild-derived strains and wild mice. In contrast to the family-like structure of classical strains, wild mice are more diverse than the human species. The effective sizes (and thus the haplotype diversity) of natural house mouse populations are between 6-and 20-fold greater than humans (Geraldes et al. 2008 ) and thousands of times greater than classical strains (Yang et al. 2011) , meaning that a large number of reference sequences will be required for high-quality imputation.
Haplotype blocks: building a picture of genomic diversity
The known pedigrees of laboratory strains (Beck et al. 2000) indicate that all extant classical strains were derived from a small founder population. The founders had sufficient genetic diversity such that combining them to create the progenitors of the classical strains resulted in substantial heterozygosity (Bonhomme et al. 1987) . Each strain experienced several generations of haplotype shuffling due to recombination before it became inbred. For studies in which multiple strains are compared, such as genetic mapping, it is important to know the level of genetic diversity that existed within the founder population and how that diversity is organized in the genome of classical strains.
A useful unit for the analysis of genome organization is a haplotype block, a contiguous interval in which the number of unique sequences (haplotypes) is much smaller than the total number of sequences due to a high degree of genetic similarity (approaching identity) within subsets of strains. A natural criterion to define haplotype blocks in classical strains is to identify regions of shared ancestry among multiple strains which have not recombined (compatible intervals) (Wang et al. 2010; Yang et al. 2011) using the 4-gamete rule (Hudson and Kaplan 1985) , although other approaches have been tried (Frazer et al. 2007; Yalcin et al. 2004 ). Yang et al. (2011) used the 4-gamete rule to identify 43,285 haplotype blocks with a median size of 71 kb in 100 classical strains. The majority of blocks contained between four and six haplotypes, and there were fewer than ten haplotypes across 97 % of the genome. Those findings confirmed the small size of the classical strain founder population. The larger numbers of haplotypes in the remaining 3 % of the genome were due to a combination of new mutations in the past century and contributions from outside of the founder population. Blocks with large numbers of different haplotypes should be further investigated to understand their origins.
There is a significant risk of introducing bias into a study when local differences in haplotype diversity are not accounted for (Boursot and Belkhir 2006; Harr 2006) . For example, a high LOD score in a genome-wide association study (GWAS) may be due to the presence of a causal allele, or it may be an artifact of local population structure (Flint and Eskin 2012) . Such local structure is often overlooked when a pedigree or global phylogeny is used to select strains for an intercross (Pamilo and Nei 1988) . Supplementary Fig. 2 provides an example of a local phylogenetic tree within a region containing the Pgk2 gene, which is essential for male fertility (Danshina et al. 2010) . The local tree ( Supplementary Fig. 2a ) is substantially different from the global phylogenetic tree (Fig. 4a) ; some strains that are closely related in the global tree are discordant in the local tree and vice versa. For example, an intercross between A/J and B6 (Groups L3 and L2, respectively), selected on the basis of their diversity in the global tree, would severely limit the ability to identify functional genetic variation in the Pgk2 region because of their local similarity. The local haplotype map (Supplementary Fig. 2b ) can guide the selection of strains for modifier screens.
Haplotype structure also has important implications for the ability to conduct genetic mapping because it can significantly affect the level and rate of decay of linkage disequilibrium (LD) (Collaborative Cross Consortium 2012; Laurie et al. 2007 ). Gametic disequilibrium (GD), which is also known as long-range LD, is problematic because it can introduce false genotype-phenotype associations (BurgessHerbert et al. 2009; Kang et al. 2008 ). An analysis of LD decay in a panel of 88 classical strains revealed widespread GD (Collaborative Cross Consortium 2012), suggesting caution when interpreting the results of mapping experiments in those strains. The effect of population structure can be reduced by using a genetic reference population (such as the CC) or wild-caught mice (Flint and Eskin 2012) .
The local ancestry of classical strains
Thirty years ago it was discovered that laboratory mice do not belong to a single taxa but rather represent a mosaic between multiple M. musculus subspecies (Bishop et al. 1985; Bonhomme et al. 1987; Moriwaki et al. 1982; Paigen 2003a) . Some have even suggested that the laboratory mouse be given it own taxonomic designation, Mus laboratorius (Artzt et al. 1991; Guénet and Bonhomme 2003) or Mus gemischus (gemisch is a Yiddish word meaning ''mixture'') (Paigen and Eppig 2000) . There is no doubt that the laboratory mouse genome is a mosaic, but the quantity and distribution of the contribution from each subspecies has been fiercely debated. A popular model was that the ancestry of the laboratory mouse was a roughly equal mixture of European M. m. domesticus and Japanese M. m. molossinus (a natural hybrid between M. m. musculus and M. m. castaneus, see Supplementary Fig. 1 ) (Yonekawa et al. 1988) . This view had a pervasive influence in the planning and interpretation of SNP discovery efforts.
Several groups have recently presented results on the subspecific origin of laboratory mice using the newly available genotyping (Frazer et al. 2007; Yang et al. 2007 Yang et al. , 2011 and sequencing platforms. The sets of strains used in those studies were different but highly overlapping (Supplementary Table 1 ). In each study, the authors chose one or more samples to serve as a reference for each M. musculus subspecies. They then examined the local phylogenetic relationships among strains (called strain distribution patterns (SDPs)) in small regions spanning the genome. Within each region, they attempted to assign a subspecific origin to each group of related strains based on the reference sample(s) that clustered with the group. Remarkably, the local concordance between SDPs was high across all studies despite the use of distinct genotype data sets that differed in density by several orders of magnitude. However, in spite of the local agreement between phylogenetic relationships, the studies drew opposite conclusions about the ancestral origin of the laboratory mouse genome.
In 2007, Frazer et al. analyzed the NIEHS data and concluded that the ratio of M. m. domesticus to non-domesticus (or unknown) ancestry in the classical strains was about 2:1, a finding that supported the traditional mosaic model (Wade et al. 2002) . Using the same data set, Yang et al. (2007) determined that classical strains are primarily of M. m. domesticus origin (92 %), with only a minor contribution from M. m. musculus and M. m. castaneus (6-7 and 1-2 %, respectively). In 2011, Yang and colleagues conducted a similar analysis using dense genotyping in a larger sampling of strains and their results confirmed their earlier conclusions. That study was later improved using genotypes imputed from whole-genome sequence to further refine subspecific assignments (Box 1). Concurrently, Keane et al. (2011) challenged the rationale of conducting local subspecific origin assignment across the genomes of the classical strains on the basis of widespread phylogenetic discordance.
The conflicts between those studies stemmed from the choices of reference samples and in the interpretation of the relationship between those references and the classical strains. First, the studies disagreed over the number of reference samples for each taxon that were necessary for accurate local ancestry assignment. In the studies based on the NIEHS and Sanger data (Frazer et al. 2007; Keane et al. 2011; Yang et al. 2007) , only a single inbred (homozygous) reference sample was available for each taxon, whereas the study based on MDA data (Yang et al. 2011 ) used 10 M. m. domesticus, 16 M. m. musculus, and 10 M. m. castaneus wild (heterozygous) reference samples. The number of available reference samples is important because probabilistic methods for local ancestry assignment depend on the marker allele frequencies within each population (or taxon). Variants for which allele frequencies differ markedly in one reference population compared to the others (diagnostic alleles) are the most important for the correct assignment of local ancestry, while those with allele frequencies that are similar across taxa (ancestral variants) or private to a single individual or subpopulation (private variants) are less useful. Furthermore, the genome of each inbred strain represents a single ancestral chromosome at each position because it has been forced into homozygosity, whereas wild-caught samples are capable of representing two different chromosomes. That means as many as 72 haplotypes were available to Yang and colleagues for subspecific origin assignment in each genomic region. When only a single reference was available from each taxon, correctly establishing allele frequencies was difficult and error-prone, and the resulting set of diagnostic alleles contained significant gaps (Yang et al. 2007 ). In contrast, Yang et al. (2011) identified 347,864 diagnostic alleles at 60 % of available markers (for some markers, multiple alleles were diagnostic), which enabled them to assign local ancestry across the entire genome of classical strains. While a marked improvement over previous studies, the sampling by Yang and colleagues fell short of capturing the full extent of variation present in natural populations. Most importantly, the ten M. m. castaneus samples were all captured within a *200-mile radius in northern India. Recent evidence that M. m. castaneus is polytypic and harbors several quite divergent subgroups (Rajabi-Maham et al. 2012) indicates that broader sampling will be required to fully characterize the ancestry of laboratory strains.
The second disagreement between the studies was over whether wild-derived laboratory strains were appropriate to serve as reference samples, or if it was instead necessary to sample mice from nature (see below).
Barking up the wrong tree: introgression in wildderived reference strains
The ideal reference for each M. musculus taxon would comprise samples from the natural populations found within its native range, similar to the HapMap catalog of population diversity that has been developed for humans (The International HapMap 3 Consortium 2010). However, developing such a reference has not been a priority in the mouse genetics community. Instead, researchers have used wild-derived laboratory strains under the assumption that those strains are faithful proxies for their wild ancestors. That assumption guided the design and interpretation of the Frazer et al. (2007) and Keane et al. (2011) studies, as well as other projects (Dumont and Payseur 2011; Mihola et al. 2009; White et al. 2009 ). However, that assumption fails to account for the widespread problem of introgression in the wild-derived strains.
Introgression is the movement of variants from one population into the gene pool of another population by the repeated backcrossing of a hybrid to one of its parent populations. Introgression can occur between individuals of the same subspecies that belong to different subpopulations (e.g., two M. m. musculus mice, one from Poland and one from China, crossed in the laboratory) or between individuals of different subspecies. While all members of the same subspecies are generally able to interbreed, there are several barriers to intersubspecific mating (Macholán et al. 2007; Mihola et al. 2009; Tucker et al. 1992; White et al. 2011) . The general effect of intersubspecific incompatibilities is to limit the extent of gene flow between subspecies by reducing the fertility and/or fecundity of hybrid animals. This means that in wild mice, introgression typically exists on a small scale and is difficult to observe, even with high-density genotype data. However, exceptions occur in places with a high rate of mixing between individuals of divergent genetic backgrounds (Staubach et al. 2012) . Those regions are known as hybrid zones, and they may be natural or man-made.
The derivation of new wild-derived strains has in large part been driven by a few fields of study, such as hybrid zone biology, that dictate the local populations from which founders are drawn. For example, the PWK/PhJ and PWD/ PhJ strains were established from mice trapped near the European zone where M. m. musculus and M. m. domesticus hybridize ( Supplementary Fig. 1 ) (Gregorová and Forejt 2000) . It is therefore not surprising that those strains, while primarily M. m. musculus, harbor a sizable genetic contribution from M. m. domesticus (6.1 and 7.0 %, respectively) (Fig. 4b) . Other strains have been derived from mice trapped in or near transportation hubs. Mice that are introduced into cities and seaports from widely dispersed geographic (and thus subspecific) origins by passive transport on human vessels will inevitably interbreed to create mosaics. For example, CAST/EiJ was established from mice trapped in Bangkok, Thailand, a large city within the natural range of M. m. castaneus but also with close proximity to a seaport. Approximately 12 % of the CAST/EiJ genome was derived from non-M. m. castaneus origin (7.9 % M. m. domesticus, 3.8 % M. m. musculus) (Fig. 4b) . Regions of introgression in PWK/PhJ and CAST/EiJ are reliably detected in data generated by different methods at different densities (Fig. 5) . The nonlinear relationship between genetic and geographic distance in wild-derived strains can clearly be observed using pairwise comparison ( Supplementary  Fig. 3 ). Remarkably, of 63 wild-derived strains analyzed in a recent study (Yang et al. 2011) , only a minority was derived from a single genetic background (Fig. 4b) .
The laboratory environment also brings together in close proximity populations that are very distant in the natural environment and provides abundant opportunity for interbreeding. The same challenges to intersubspecific mating exist in the lab as in the wild. For example, at least 80 % of CC lines have gone or will go extinct, due in large part to intersubspecific incompatibilities (Chessler et al. 2008; D. Aylor and F. Pardo-Manuel de Villena, unpublished) . However, the impact of a successful interbreeding in the lab is much more extreme than that in the wild because introgression can quickly become fixed in a small inbreeding colony. While most breeding in the lab is directed, unintentional mating does occur and can lead to contamination of the entire inbred strain. In contrast to introgressions in wild mice, contaminations are readily detected in pairwise comparisons of genotype data by a high rate of identity to another strain (Yang et al. 2011) . While both Frazer et al. (2007) and Keane et al. (2011) conducted their analyses under the assumption that each M. musculus subspecies (or pseudospecies in the case of M. m. molossinus) could be accurately represented by a single wild-derived strain, Yang et al. (2007 Yang et al. ( , 2011 allowed that wild-derived strains may themselves be mosaics due to introgression. In their analysis of the NIEHS data (Yang et al. 2007 ), they used SNPs that segregated among the three wild-derived strains (diagnostic variants) to identify a number of large and nonrandomly distributed regions in which the nucleotide diversity between two or more of the wild-derived strains was drastically reduced (Fig. 5 ; Supplementary Fig. 4) . Such a reduction in diversity indicated a region of intersubspecific introgression, which had profound implications for subspecific origin assignment of classical strains in that region. They found that the wildderived strains could be used only to confidently infer subspecific origin in 72 % of the genome, while up to 13 % of the individual wild-derived strain genomes exhibited introgression. Those introgressions were largely confirmed in the later study (Yang et al. 2011) . Some of those introgressions were clearly shared among multiple and otherwise genetically and geographically distinct wildderived strains (Fig. 2 of Yang et al. 2011) . Shared introgressions were evidence of cross breeding between classical strains and wild-derived strains, and in many cases a single classical inbred strain donor could be identified.
In order to overcome the shortcomings of the NIEHS data set and to analyze the ancestry of the entire genome, Yang et al. (2011) genotyped at high density 36 wild mice trapped in each of the native ranges of the three M. musculus subspecies (Supplementary Fig. 1 ). The wild-mouse genotypes enabled them to ascertain a much more robust set of diagnostic alleles, with which they were able to assign local ancestry at high confidence across the entire genome of all laboratory strains. The results of that study both confirmed the existence of introgression in most wildderived strains and supported the conclusion that while classical strains are mosaics of the three M. musculus subspecies, M. m. domesticus is by far the dominant ''color'' in that mosaic.
In contrast to the studies based on genotyping array data, Keane et al. (2011) used whole-genome sequence and a sophisticated analysis based on Bayesian concordance of local phylogenetic trees determined in regions of orthology between M. musculus (represented by three inbred strains), M. spretus (represented by a single inbred strain), and Rattus, represented by the whole-genome sequence of the rat (Rat Genome Sequencing Project Consortium 2004) . The goal of that experiment was to determine the history of speciation in M. musculus; however, they used nearly the same wildderived strains as did Frazier and colleagues (substituting PWK/PhJ for the closely related PWD/PhJ) and also made the same assumption as the earlier study that those strains were accurate representatives of the three M. musculus subspecies. Keane and colleagues concluded that of the three possible subspecies histories, the most likely one placed M. m. domesticus as an outgroup to M. m. musculus and M. m. castaneus (i.e., M. m. domesticus was the first subspecies to diverge from the ancestral M. musculus species). This agrees with the maximum-parsimony tree that we created based on MDA genotypes (Fig. 2c) and with previous studies Tucker et al. 2005) . However, Keane et al. found that only about 39 % of the genome supported the primary history, as opposed to about 30 % for each of the other two possible histories. They inferred that ancestral polymorphism is common, that ancestral polymorphism was the cause of the observed phylogenetic discordance, and that phylogenetic discordance precludes the ability to assign subspecific origin to genomic regions.
Although ancestral polymorphism certainly exists within M. musculus (Bonhomme et al. 1994; Ideraabdullah et al. 2004; Keane et al. 2011; Salcedo et al. 2007 ), the fact remains that each subspecies harbors a combination of ancestrally segregating alleles and alleles that are private to that subspecies ( Supplementary Fig. 5 ). Yang et al. (2007 Yang et al. ( , 2011 demonstrated that diagnostic alleles are common and evenly distributed in the genome of M. musculus. Their method accounted for local introgression by allowing a small amount of discordance in identifying diagnostic alleles. For example, if nine M. m. domesticus samples were homozygous for allele A at a particular marker and the tenth sample was heterozygous, whereas all M. m. musculus and M. m. castaneus samples were homozygous for allele B, it was most likely that allele A was private to M. m. domesticus and the single B allele was the result of introgression, recent mutation, or genotyping error. When applied to a larger and nonoverlapping set of samples from additional M. m. domesticus and M. m. musculus populations, their method yielded diagnostic SNPs with 92 % agreement with those identified in the original study (J. P. Didion, J. B. Searle, and F. Pardo-Manuel de Villena, unpublished) . Furthermore, the introgressions identified in wild-derived strains based on MDA data are clearly present in the NIEHS and the Sanger data sets as well ( Fig. 5 ; Supplementary Fig. 4 ), indicating that the method used by Yang and colleagues should yield similar results when applied to whole-genome sequences as better reference samples become available.
It is important to note that the subspecific origin assignment in Yang et al. (2011) pertained to Mb-long regions. Although the local phylogenies created from the MDA and Sanger data sets were concordant over relatively large regions, there were fine-scale inconsistencies that represented either genotyping errors in the MDA genotypes for the wild mouse reference samples or errors in the interpretation of the genotype data. The robustness of the diagnostic alleles argued against genotyping error. Instead, it was most likely that the resolution of the MDA data and the hidden Markov model used to assign subspecific origin were not sensitive enough to recognize small-scale haplotype switching (e.g., see the highlighted region of Fig. 5a ).
We believe that the current lack of data on the relative abundance of ancestral and private SNPs in house mouse populations and the difference in resolutions of the MDA and Sanger data mostly account for the apparent controversy between the two studies. We agree with Keane et al. (2011) that as whole-genome sequencing becomes more affordable and we are able to sample a greater number of natural populations at a finer scale, a clearer picture of the evolutionary history of the house mouse subspecies, and thus of the local ancestral origin of laboratory mice, will emerge. A recent example of this is the improvement of the subspecific assignments from Yang et al. (2011) for several strains by making use of the whole-genome sequences from the Sanger project (Box 1).
In light of the discordance between past assumptions and current knowledge of wild-derived strain ancestry, studies that have made conclusions based on an incorrect or incomplete knowledge of that ancestry may benefit from reanalysis. For example, previous estimates of population size and mutation rate in M. musculus that relied on wildderived strains may have underestimated the level of variation present in ancestral populations and thus overestimated ancestral population sizes (Phifer-Rixey et al. 2012) . It is also apparent that genetic reference populations derived in part or wholly from partially introgressed wildderived strains, such as the CC and the Diversity Outcross (DO), harbor less genetic variation locally than was originally predicted. Now that the genetic makeup and subspecific origin of many wild-derived strains are known, researchers are in a position to create new mouse reference panels are better optimized for genetic and phenotypic variation.
Additionally, caution must be used in conducting association mapping with wild-derived strains because differences in subspecific origin can introduce GD. To demonstrate this, we used MDA genotypes from 62 wildderived strains (Yang et al. 2011 ) to create genome-wide maps of LD. Pervasive high GD due to population structure was expected when strains from multiple taxa were examined together ( Supplementary Fig. 6a ). However, GD was also observed when only strains from a primarily M. m. domesticus background were considered ( Supplementary   Fig. 6b) . Although it is possible that this GD is due to population structure, there is strong evidence against significant intrasubspecific population structure in wild mice (Salcedo et al. 2007 ). Rather, we attribute the existence of GD in M. m. domesticus wild-derived strains to both intersubspecific introgression and contamination from laboratory strains (Yang et al. 2011 ).
Wild mice: ending at the beginning Before the decade is out, at least 1,000 humans will have had their genomes sequenced (1000 Genomes Project Consortium 2010 . Unfortunately, there is no similar plan in place for the house mouse. Despite the shortcomings of association studies in laboratory mice (Eichler et al. 2010) and evidence that wild mice present a deep reservoir of genetic diversity (Salcedo et al. 2007) , there has never been whole-genome sequence produced for a wild mouse. This is a pressing need in mouse genetics and can be addressed by the establishment of a small consortium to prioritize and sequence a select group of wild mice.
The relative lack of genetic variation in classical strains limits their utility in at least two respects. First, it constrains the phenotypic variation that exists in classical strains. Second, use of classical strains is inappropriate to study evolutionary processes for many reasons, including that they may be invariant for many of the genes involved in speciation (Piálek et al. 2008 ). The extent of additional variation present in natural populations of M. musculus is hinted at by limited studies in wild mice (Salcedo et al. 2007) and by the recent whole-genome sequencing of three wild-derived strains (Table 1) ), but it is not known for certain. To examine sequence variation at the genome scale, we determined the nucleotide diversity in classical, wild-derived, and wild-caught mice and MDA genotype data from Yang et al. (2011) . We used the method of Nei and Li (1979) to compute the average pairwise genetic distance between individuals within a population (p). Overall, we found greater diversity in wild-derived and wild mice than in classical strains (p = 0.298, 0.282, and 0.203, respectively). The contrast is even more striking, however, when comparing diversity between regions with different subspecific origin (Fig. 6) . In classical strains, intervals derived from European fancy mice founders (M. m. domesticus), which represent the majority of classical strain founder haplotypes, had 6 and 17 times greater diversity than intervals derived from the minority Asian fancy mouse founders (M. m. musculus and M. m. castaneus, respectively) (Fig. 6a) , whereas in wild-derived lines (Fig. 6b ) and wild mice (Fig. 6c) , variation is similar among regions of different ancestry. This confirms an earlier finding that across most of the genome there is at most one non-M. m. domesticus haplotype (Yang et al. 2011) .
A practical answer to the question of why so little attention has been paid to natural populations of mice is that mouse genetics has historically been driven by biomedical research, which relies on an endless supply of genetically identical animals in order to prove reproducible results under controlled conditions. Laboratory strains are easier to produce, house, and handle than their truly wild counterparts. In this sense, it may seem that wild mice have no place in the laboratory. However, wild mice are a potentially powerful tool for fine-scale association mapping (Guénet and Bonhomme 2003; Laurie et al. 2007 ). Wild M. m. domesticus mice display incredible karyotypic variability, with over 100 ''races'' having fixed different combinations of Robertsonian translocations (a common type of chromosomal fusion), while such fixations are absent in laboratory mice (Nachman et al. 1994; Piálek et al. 2005) . Robertsonian translocations are the most common structural aberration in humans (Nielsen and Wohlert 1991) and are implicated in segregation disorders (Chiang et al. 2012) , male sterility (Daniel 2002) , and an increased rate of trisomy in offspring (Down, Edward, and Patau syndromes). Understanding the mechanism driving this karyotypic variability might lead to improved prenatal testing, prevention, and treatments. Wild mice have also been used with success in functional and behavioral genomic studies (Guénet and Bonhomme 2003) . Finally, wild mice can be used to determine the ancestral origin of variants that are present in laboratory mice. That information will facilitate the correct interpretation of results from biomedical studies.
It is also important to remember that the house mouse is a household and agricultural pest as well as a vector for disease. Mice damage crops, stored grain and fodder, farm infrastructure, and equipment. Mice can spoil food with feces and urine and can transmit diseases and parasites to humans and livestock (e.g., salmonella). A study of the impact of house mice on crops in Australia estimated annual losses as high as AU$60 M (Brown and Singleton 2002) . Although rodenticides are currently used to combat mouse infestations, they are controversial due to potential collateral damage to native species. Better characterization of wild mice may enable the development of purely genetic eradication strategies, as have been effective for other pests (Wise de Valdez et al. 2011) .
The technological developments of the past decade have advanced the field of mammalian genetics faster than ever before in its history. For the continued success of mouse genetics, research must leverage the existence of two connected and equally important resources: laboratory strains and wild mice.
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